1.. Introduction {#sec0005}
================

Between 5 and 15% of school children in the USA ([@ref061], [@ref032], [@ref060]) and about 15% of German-speaking fourth graders ([@ref009]) suffer from reading disturbances. An impaired reading ability is called "dyslexia" if it is much (about two standard-deviations) below other cognitive abilities according to the intelligence quotient (IQ) ([@ref066]; [@ref045]; [@ref023]). This means dyslexia is caused by an impairment of abilities other than those which the IQ requires. A diagnosis of dyslexia must exclude poor reading due to sensory impairments, such as reduced visual acuity, a visual-field defect, an elevated luminance-difference threshold, deafness, or impaired speech perception. Dyslexia may, however, be the result of other impairments that are indispensable prerequisites for fluent reading.

It has been shown that phonologic impairment ([@ref020]), a spatial cuing deficit in visual attention ([@ref059]), an auditory-processing disorder ([@ref034]), a reduced ability in the temporal processing of stimuli ([@ref069]; [@ref052]), visual crowding, unusual foveal and parafoveal information processing ([@ref027], [@ref002]; [@ref042]), a deficit in shifting covert visual attention ([@ref012]), and poorer saccadic control ([@ref006]; [@ref022]) are more frequent in children with dyslexia than in normal readers.

Even if sensory, cognitive and/or motor impairments are present in a group of poor readers and absent in a group of normally reading children, this does not necessarily indicate a causal relationship between these impairments and poor reading abilities. Therefore, it is questionable if these disturbances have an impact on reading ability ([@ref064]; [@ref072]). It has become increasingly clear that dyslexia is a disorder that is not always caused by one single disturbance, but may have many different causes ([@ref035]; [@ref070]; [@ref050]). During the last decades, neurobiological research has confirmed that dyslexia is an impairment of different neuronal networks that are distributed over frontal, parietal, temporal, and occipital areas in the brain and of a disruption of their connections ([@ref061]; [@ref079]; [@ref001]; [@ref015]; [@ref007]).

The fact that different brain regions are involved in the reading process becomes apparent when one considers the different abilities that are indispensable for fluent reading. One of the necessary presuppositions for correct and fluent reading is that the reader fixates the right location within a word, that s/he is able to visually process several letters simultaneously, and that s/he fixates a word or word segment for a given time interval. After the end of the fixation time that is needed to recognize the word or word segment, saccades of a given amplitude have to be programmed and executed, the correct phonemes have to be retrieved from memory, words or word-segments have to be stored in memory and have to be composed into sentences, and a meaning has to be given to the words and sentences. An impairment of one or more of these abilities and a functional impairment of the cerebral areas that mediate these abilities may cause a reading disability.

Reading disorders can be treated either by improving or compensating the impaired ability that causes the reading deficiency. Improving impaired ability means restoring the underlying diminished neuronal function.

Functionally impaired neural networks can often only recover to a certain extent, and even partial recovery takes a long time. Therefore, reading therapies to improve impairments causing dyslexia are time consuming and only have limited effects. [@ref026] found an effect in their literature survey only after at least 20 weeks of therapy, but even then the effect size was limited. We developed a reading strategy to reduce the number of reading errors within a short period of time by compensating the existing neuronal deficits instead of seeking to improve impaired neural functioning. The effect of the reading therapy can be proven only if all variables relevant for improving reading performance can be controlled, and this is only possible if the improvement in reading performance takes place within one session. Therefore, it was examined if (1) the number of letters that make up a word, (2) the time interval during which the gaze was directed to a word, (3) the time interval that elapsed between the beginning of the fixation of a word and the beginning of the pronunciation of the word, and (4) the amplitude of saccades during reading could be altered to improve the reading performance of dyslexic readers within one session.

2.. Patients {#sec0010}
============

A group of 100 children (71 boys and 29 girls) aged 8 to 13 years who were diagnosed as dyslexic according to the Zuerich Reading Test (ZRT) participated in the experiments. All children were native German speakers and right-handed. They had no neurological, psychiatric, visual, or auditory deficits and no speech disorders. The children were diagnosed as dyslexic according to the ZRT. The childrens\' IQs were within the normal range.

The children were second-to-sixth graders who knew all individual letters, had approximately the same lessons in reading, and were expected to read fluently, but were far behind the required reading ability. Before experiments 1 and 2, the children were requested to read one half of cards 3, 4, and 5 of the ZRT and to read the other half of this test after experiments 1 and 2.

3.. Methods {#sec0015}
===========

3.1.. Procedure {#sec0020}
---------------

The children were randomly assigned to a therapy group (36 boys and 14 girls, mean age 121.4 months, SD 13.7 months) and a control group (35 boys and 15 girls, mean age 116.5 months; SD 13.2 months). The children\'s ages in both groups did not significantly differ (*t*-test: *p* \>  0.07). Both groups participated in experiment 1. Only the therapy group participated in experiment 2, in which the children received compensatory reading training. Each group was again randomly divided into two age-matched groups, A and B, each containing an equal number of children. Therapy group A of each experiment read the first part of the ZRT first and the second part after having learned the compensatory reading strategy. Control group A read the first part of the ZRT first and the second part after having read a text without learning the compensatory reading strategy. Therapy group B read the second part of the same reading test first and the first part after having learned the compensatory reading strategy. Control group B read the second part of the same reading test first and the first part after having read a text without having learned the compensatory reading strategy.

### 3.2.1.. Experiment 1: Tachystoscopic investigation of the improvement in word recognition in dyslexic children {#sec0025}

Pronounceable 2-, 3-, 4-, 5-, or 6-letter pseudowords were presented at eye level on a monitor to examine the role of the length of time that the gaze must be directed to a word or word - segment of a given length to recognize it. The distance between the eyes and the monitor was 40 cm. The words were black (luminance of 4 cd/m² ; altitude 14 mm; space between types: 4 mm) on a background of 68 cd/m². The presentation times varied between 250 and 500 milliseconds. The sequences of the letters in the pseudowords also occurred in colloquial German words. A sequence of 20 pseudowords of the same length was shown for the same time interval in each experiment. Each trial began with the presentation of a fixation mark (luminance: 28 cd/m²) in the center of the monitor. The child was asked to direct his/her gaze to the fixation mark. When the child maintained fixation, the fixation-mark disappeared and was replaced by a pseudoword. The middle of the pseudoword was at the same location as the fixation point had been before. The children were to read the pseudoword aloud. If the child did not pronounce the word correctly, s/he was asked to spell the word and write the word. After a time interval of between 5 and 10 seconds, the green fixation mark was presented again. When the child fixated the fixation mark, a different pseudoword appeared for the same time interval as the previously shown pseudoword. A list of 20 pseudowords was similarly presented in succession. If more than one word out of 20 was not read correctly, it was investigated whether the mistakes were because the child had started to pronounce the word too early. This examined the role of a prolongation of the time interval between the beginning of the presentation of the word and the beginning of the pronunciation for correct reading. The experiment was repeated with a different list of 20 pseudowords, each containing the same number of consonants and vowels at the same location within the word. A tone was presented at a given time after the onset of the presentation of the pseudoword to prolong the time interval between the onset of the presentation of the pseudoword and the onset of its pronounciation. In the first trial, the time interval was prolonged for 1 second. If this time interval was not sufficient for correct word recognition, the time interval was prolonged in increments of 1 second until at least 95% of the pseudowords were read correctly. The children did not get any feedback about their performance.

The childrens\' reading performance was registered by recording their voice with a microphone; the signal was amplified, filtered, and stored. Fixation was controlled using an infrared-light-reflecting, eye-tracking system (IRIS eye tracker; Bablock-b-scope, sampling rate: 500 Hz, resolution: 2 min arc). The time between the onset of the presentation of a pseudoword marked by the fixation point and the onset of the child's speech was measured and stored by the computer, and the time interval for each word was also stored.

### 3.2.2.. Experiment 2 {#sec0030}

Experiment 2 investigated whether a child's ability to read a text improves if (1) the child only attempts to simultaneously recognize words or word segments consisting of no more letters than s/he is able to recognize simultaneously, (2) the amplitude of the reading saccades does not exceed the number of letters the child is able to recognize simultaneously, (3) the child fixates the word segments for the time interval needed (adequate fixation intervals), and (4) the time interval between the onset of the presentation of the word and the onset of the pronunciation of the word is sufficiently long (adequate speech- onset interval). To adopt such an adequate reading strategy, children were forced (1) to read only words or word segments not containing more letters than they were able to recognize simultaneously according to the result of experiment 1, (2) to fixate these words or word segments for the appropriate time interval, (3) to start to pronounce the words or word segments only after an appropriate time interval, and (4) to execute eye movements of an amplitude matching the length of the words or word segments whose letters could be recognized simultaneously (adequate reading saccades). A yellow fixation mark indicated the point within each word or word-segment to which the gaze was to be directed. A green cursor (segment cursor) to the left and/or right of the yellow fixation mark indicated which letters in the word segment were to be read simultaneously together with the letter at the location of the yellow fixation mark ([Fig. 1](#rnn-36-rnn180829-g001){ref-type="fig"}). The yellow and green marks indicated which adjacent letters in a word or word segment should be read while the eyes fixated the yellow fixation mark. Whenever a word segment had been recognized, the next word segment to be read was shown. Then the yellow fixation mark moved to the middle character of the next word or word segment, indicating the goal of the saccade, i.e., the location where the gaze should be directed when the next word segment is read. A green cursor (segment cursor) to the left and/or to the right of the yellow fixation mark again showed which letters of the newly shown word or word segment were to be read while the eyes were directed to the shifted yellow fixation mark. The fixation mark and the segment cursor moved from word segment to word segment as they were to be read in succession.

![Experiment 2: To teach a reading strategy that compensates the causes of a child\'s reading disturbance, the reader is prevented from trying to recognize more letters simultaneously than s/he can. The reader is also prevented from executing saccades whose amplitude exceeds the number of letters that the child has recognized simultaneously. The reader is forced to fixate a word or word-segment sufficiently long and to look at the next word or word-segment only after speech-onset latencies that are no shorter than those needed by the reader. A yellow (light grey) and green (dark grey) cursor showed the letters to be recognized simultaneously. The yellow fixation mark (light grey) indicated the letter to which the gaze was to be directed. The green cursor (segment cursor) (dark grey) showed the letters to be recognized together with the letter marked by the yellow cursor. The word "nicht" is marked by both the yellow and the green cursor until this word has been read correctly. The next word segment to be recognized will only be shown after the word "nicht" had been read correctly. Then the yellow fixation mark moves to the middle character of the next word segment, indicating where the gaze should be directed after the word "nicht" had been read correctly. The green cursor also shifts to the next word segment indicating the letters to be recognized simultaneously together with the letter marked by the yellow cursor.](rnn-36-rnn180829-g001){#rnn-36-rnn180829-g001}

The text to the right of a word or word segment to be read within a given time interval was not shown on the monitor to prevent the child from terminating fixation of a word or word segment by exerting a premature saccade before the necessary fixation time had elapsed. The next word segment to be read was shown only after the previous word segment had been recognized. If premature saccades are a cause for the reading deficiency, reading is expected to normalize if premature saccades are prevented.

An acoustic signal was presented at a given time interval after the yellow mark which indicated the letter to be fixated, and the green cursor to the left and/or to the right of the yellow cursor were moved to the new segment to be read to prolong the time interval between the beginning of the fixation of the word or word segment to be read and the onset of its pronunciation. The time interval that the new word or word segment to which the yellow cursor and the green curser were shifted had to be fixated was at least as long as the mean of the time intervals a word or word segment had to be fixated in experiment 1 for the child to recognize at least 19 out of 20 pseudowords correctly. After this time interval had elapsed, an acoustic signal indicated that the child was allowed to pronounce the word or word segment. Then the yellow and green cursors shifted to the next word or word segment to be read. An acoustic signal again indicated when the subject was allowed to pronounce the word or word segment. Each child thus learned the appropriate reading strategy.

The words were black (luminance: about 5 cd/m²; height: about 15 mm; space between letters: about 4 mm) on a background of 60 cd/m². Fixation of the word segments and saccadic eye movements were recorded using an infrared eye-tracking system (IRIS eye tracker; sampling rate: 500 Hz). Eye movements were monitored on line, stored, and analyzed on line and off line. The time between the onset of the presentation of the word segment marked with the fixation point and the segment cursor and the onset of the child's speech was measured and stored by the computer.

### 3.2.3.. Retest {#sec0035}

After having learned and practiced this reading strategy for 20 minutes, the children were asked to read the remaining part of the ZRT. This half of the text was presented in the same way as the other half of the test had been presented before the training session, i. e. on printed cards. No part of the text was omitted, and no cursor or sound that could aid the execution of the new reading strategy was presented. The children did not get any feedback about their performance.

3.3.. Statistics {#sec0040}
----------------

The difference in the rates of the correctly and incorrectly read pseudo-words in experiment 1 was tested for significance using the Kruskal-Wallis test. The reading performance before and after therapy was tested for significance using the Wilcoxon test. The effect of the reading therapy was calculated using the Hedges-g effect size ([@ref008]).

4.. Results {#sec0045}
===========

4.1.. Immediate improvement of the ability to read pseudowords {#sec0050}
--------------------------------------------------------------

The result of experiment 1 shows that the location to which the eyes should be directed within a word to be read, the number of letters to be read simultaneously, the time that a word should be fixated, and the instant when the subject should start to pronounce the word can be adjusted so that even dyslexic subjects are able to read 95% of pseudowords correctly.

As long as the pseudowords were not presented in such a way that they could be read correctly, and the subjects made reading mistakes; incorrectly read letters occurred at all locations in a pseudoword. [Figure 1](#rnn-36-rnn180829-g001){ref-type="fig"} shows that the rate of misread letters depended on the location of the letter within a word. The rate of incorrectly read letters increased from the first letter at the beginning of a word to the letter that was to the right of the fixation point ([Fig. 2](#rnn-36-rnn180829-g002){ref-type="fig"}). This increase did not depend on the length of the pseudoword or whether a letter was flanked on the left, on the right, or on both sides by other letters. This was true for reading mistakes, such as the omission of letters, incorrect replacement of letters by letters that were not present in the pseudoword, changes in the position of letters in a word, and increasing the length of the word by adding new letters. The rate of misread letters to the right of the fixation point exceeded the rate of misread letters at the fixation point. Letters to the left of the fixation point were less often misread than those at the fixation point. This was independent of the length of the pseudoword.

![Experiment 1: Each column represents the percentage of errors a person made when a letter was at a certain position within a 3-, 4-, 5-, or 6-letter pseudoword. The words were displayed for between 250 and 500 ms. F: letter that was at the fixation point. 1: first letter at the beginning of the word; 2: second letter from left; 3: third letter from left, etc. Reading of a word was considered an error if: a letter was read incorrectly, omitted, the location of the letter was swapped, or if a letter was read that did not appear in the word. In 3-letter pseudowords, the differences between the rates of letters at positions 1, 2, 3 read incorrectly did not reach significance (Kruskal-Wallis Test: *p* \>  0.05). In 4-, 5-, and 6-letter pseudowords, the rates of letters at different positions within a word read incorrectly differed significantly (Kruskal-Wallis Test: 4-letter pseudowords: 3rd versus 4th letter and 2nd versus 4th letter: *p* \<  0.0006; 5-letter pseudowords: first letter versus 3rd: *p* \<  0.273, first letter versus 4th and 5th letter: *p* \<  0.0071, 2nd versus 3rd and 4th letter: *p* \<  0.021; 6-letter pseudowords: first versus 4th, 5th and 6th letter *p* \<  0.004, 2nd versus 5th, 3rd versus 4th and 5th letter: *p* \<  0.05).](rnn-36-rnn180829-g002){#rnn-36-rnn180829-g002}

In most children the rate of reading mistakes did not decrease below 5% until the number of letters in a pseudoword was reduced and/or the subjects started pronouncing the word to be read later. The results of this experiment are summarized in [Table 1](#rnn-36-rnn180829-t001){ref-type="table"}. Children with reading disturbances differed considerably in the number of letters they were able to recognize simultaneously and the fixation time needed to recognize a sequence of letters simultaneously. 25% of the children were able to recognize 5 or 6 letters simultaneously within a fixation interval of 350 ms. 39% of the children who were only able to recognize 3 or 4 letters simultaneously recognized these 3 or 4 letters within 350 ms. Speech-onset latency was almost the same in children who were able to recognize 3, 5, or 6 letters simultaneously. Only children who recognized 4 letters simultaneously had significantly shorter speech-onset latencies (Kruskal-Wallis-Test: *p* \<  0.00001). If fixation times were too short and/or the subjects tried to read too many letters in pseudowords simultaneously, the rate of mistakes increased to such an extent that all pseudowords in a list were read incorrectly.

###### 

Shows the number of letters, fixation times, and mean speech-onset times of 100 dyslexic children when the number of letters, fixation time, and speech onset-time were altered until at least 95% of the pseudowords were read correctly. Twenty-six percent of the children were only able to read 3 letters simultaneously (second column from left and second row from below). The speech-onset latency in these children was a mean of 1624.09 ms (SD = 893.57 ms) (bottom row). 15 children needed a fixation interval of 250 ms. Four letters were recognized simultaneously by 45 children (second column from left and bottom row). Only 20 children were able to recognize the 4 letters simultaneously in 250 ms (third column from left and second row from above). The mean of the speech-onset latency was 1316.44 ms (SD = 712.14 ms) (third column from left and bottom row). The ability to recognize 5 letters simultaneously was observed in 22 children (forth column from left and second row from below). Only 14 children needed a fixation interval of 250 ms (forth column from left and second row from above). The mean speech-onset latency was 1670.06 ms (SD = 641.83 ms) (forth column from left and bottom row). Only 7 children were able to recognize all the letters in a 6-letter pseudoword simultaneously (fifth column from left and second row from below). Five children needed no more than 250 ms to recognize these pseudowords (fifth column from left and second row from above). Their speech-onset latency was 1658.83 ms (SD = 762.23) (fifth column from left and bottom row)

  Length of Recognized Pseudowords (Number of Letters)         3 letters        4 letters        5 letters        6 letters
  --------------------------------------------------------- ---------------- ---------------- ---------------- ----------------
  Number of Patients who Recognized Pseudowords in 250 ms          15               20               14               5
  Number of Patients who Recognized Pseudowords in 300 ms          2                0                0                0
  Number of Patients who Recognized Pseudowords in 350 ms          0                2                6                0
  Number of Patients who Recognized Pseudowords in 400 ms          6                15               1                2
  Number of Patients who Recognized Pseudowords in 450 ms          3                7                1                0
  Number of Patients who Recognized Pseudowords in 500 ms          0                1                0                0
  *Σ* Number of Patients who Recognized Pseudowords                26               45               22               7
  Mean Speech Onset Latency for Recognized Pseudowords       x = 1624.09 ms   x = 1316.44 ms   x = 1670.06 ms   x = 1658.83 ms
                                                             SD = 893.57 ms   SD = 712.14 ms   SD = 641.83 ms   SD = 762.23 ms

4.2.. Immediate improvement in reading ability after changing the reading strategy {#sec0055}
----------------------------------------------------------------------------------

The children who read the first or the second half of the ZRT before the reading training read a mean 14.8% of the words incorrectly (SD = 6.14%). When these children read the remaining half of the Zuercher Reading Test after the training, a mean of only 6.12% (SD = 3.52%) of the words was read incorrectly. This corresponds to a 58.87% decrease in words read incorrectly within a single session. The difference between the number of reading mistakes before and after the training was highly significant (Wicoxon Test: *p* \<  0.00001). The calculation of the effect strength resulted in a Hedges-g effect size of 1.734, indicating a very strong effect of the reading training. 36 children in the therapy group read 20% to 30% of the words incorrectly before the therapy. In 17 children, the number of errors decreased by 50 to 70%, and the error rate decreased by 70 to 90% in 8 children.

In the control group, there was no significant difference between the percentage of incorrectly read words when reading one half of the ZRT first and the remaining half afterwards. When reading one half of this test first, a mean of 12.47% (SD = 6.39%) of the words were read incorrectly. When the controls read the remaining half of this test later on, 13.20% (SD = 7.02%) of the words were read incorrectly. This difference was not significant (Wilcoxon Test: *p* \>  = 0.1). The Hedges-g-value was 0.109 for the conrol group, indicating that there was no effect.

In the control group, the time needed to initially read one half of the test (*x* = 238.76 sec; SD = 152.04 sec) also did not significantly differ (Wilcoxon Test: *p* \>  0.8) from the time needed to read the remaining half of the test later (*x* = 237.66 sec; SD = 137.47 sec). The subjects in the training group had learned to prolong their fixation times and/or speech-onset times according to the fixation times and speech-onset times that they needed for correct reading. As a result, the time required to read one half of the test was significantly lengthened (Wilcoxon-test: *p* \<  0.00001). Before the training, the mean reading time was 197.68 sec (SD = 93.96 sec); after the training, the mean reading time for the remaining half of the test was 350.58 sec (SD = 149.23 sec).

There was also a correlation between the number of letters the children (*n* = 100) were able to recognize simultaneously in experiment 1 (when pseudowords were presented so that children could recognize them correctly) and the number of reading errors the children made when they read the text of the ZRT without having learned the new reading strategy. Children who were not able to recognize more than 3 letters simultaneously when reading pseudowords in experiment 1 (when pseudowords were presented so that the children could recognize them correctly), made significantly more reading errors in the ZRT (reading errors in the ZRT: *x* = 19.73%!; SD = 7.9%) than children who were able to recognize 4 letters in experiment 1 (reading errors in the ZRT: *x* = 12.53%; SD = 5.13%) (Kruskal-Wallis Test: *p* = 0.038). Subjects who were able to recognize 5 letters simultaneously in experiment 1 made fewer reading errors in the ZRT (*x* = 11.01%; SD = 5.42%) than subjects who were able to recognize only 3 letters simultaneously (Kruskal-Wallis Test: *p* = 0.02). Subjects who were able to recognize 6 letters simultaneously in experiment 1 made also fewer reading errors in the ZRT: *x* = 7.57%, SD = 2.47%) than subjects who were only able to recognize 3 letters simultaneously (Kruskal-Wallis Test: *p* = 0.001).

5.. Discussion {#sec0060}
==============

Experiments 1 and 2 investigated whether it is possible to establish conditions under which poor readers can improve their reading ability. Therefore, the computer presented words under conditions which enabled even subjects who suffered from a severe reading disability to read at least 95% of the words correctly. In all subjects (*n* = 100) who participated in experiment 1, correct fixation, an extension of the fixation time, a reduced number of letters in the word to be read, and delayed pronounciation of the word resulted in 95% of the words being read correctly. In experiment 2, the computer forced the children in the therapy group to fixate the words at the correct location and for a sufficiently long time interval, to exert correct eye movements, and not to start to pronounce the words too early when reading a normal German text on a monitor. When the subjects transferred the reading strategy to reading a printed text, reading mistakes dropped by 58.87% within one single session. During the therapy all influences on the reading performance were under the control of the experimenter.

Studies of therapy effects widely accept that a retest should be carried out a certain time interval after starting the therapy. This applies only if influences that can affect the result and are outside the control of the examiner can be ruled out. Children, who have been undergone reading therapy for several months are not under the constant control of the examiner, may have been exposed to numerous uncontrolled influences at home and in school, which can have an impact on reading. As a retest carried out after weeks or months is methodologically flawed for these reasons, it was not part of the present experiment.

Experiments have shown that reading mistakes may have various causes. Reading presupposes many different abilities, and a disturbance of any of these abilities may cause a severe reading impairment.

5.1.. The role of appropriate fixation in reading {#sec0065}
-------------------------------------------------

The ability to focus one's gaze on a word or word segment to be read so that it is projected onto the foveal and parafoveal region of the retina where there is sufficient visual acuity is among the basic skills required for correct reading ([@ref057]). This means that appropriate fixation of the word or word segment to be read is a necessary (but not sufficient) condition for reading. Visual acuity drops sharply outside the foveal and parafoveal region ([@ref033]). Ideally, a word or word segment to be read is fixated approximately in the middle of the word or word segment. Then the largest number of letters is displayed in the area of highest visual acuity. If a person fixates a word or word segment at its beginning or its end, fewer letters are displayed in the area of highest visual acuity, and some letters are located in an area of lower visual acuity. Poor reading that is caused by incorrect fixation of the words to be read may improve when the subject is forced to correctly fixate each word to be read. Therefore, the subjects were forced to fixate the words to be read approximately in the middle, and fixation was controlled throughout the experiments.

5.2.. The role of simultaneous recognition of letters and fixation time in reading {#sec0070}
----------------------------------------------------------------------------------

To read fluently, the reader must not read letter by letter, but several letters simultaneously. S/he must be able to simultaneously recognize several letters that appear in the area of sufficiently high visual acuity within a short time interval. Experiment 1 investigated how many letters a word can contain so that all letters in this word can be read simultaneously, i. e. when the eyes were constantly directed to the word without executing an eye movement. The result of experiment 1 reveals that this ability differs considerably among subjects. [Table 1](#rnn-36-rnn180829-t001){ref-type="table"} shows that 9 subjects could not recognize more than 3 letters when they were presented for less than 400 ms, and 23 subjects could not recognize more than 4 letters when they were presented for less than 400 ms. In contrast, 5 subjects could simultaneously recognize 6 letters during a fixation time of 250 milliseconds. Neuropsychological studies on brain-damaged patients have shown that the ability to recognize several items simultaneously is a dissociated brain capacity independent of other cerebral capacities. If a person tries to recognize more letters than s/he is able to recognize simultaneously, the recognition process will be flawed, and reading errors will occur. To avoid reading mistakes, the subjects were taught not to try to recognize more letters simultaneously than they were able.

Tachystoscopic studies ([@ref019]; [@ref065]) have shown that whether complex visual stimuli are recognized or not depends largely on the time that these visual stimuli are projected onto the retina. Too short a fixation time limits the ability to recognize several letters simultaneously. To prevent reading mistakes, experiment 1 also examined how long a subject needs to fixate a word of a certain length to recognize it correctly. Experiment 1 showed that a prolongation of fixation times increased the ability to simultaneously recognize a sequence of letters. The ability to recognize several letters simultaneously improved only up to a certain fixation time, which was specific for each individual subject. If the fixation time was extended beyond the specific duration, the ability to recognize several letters at the same time no longer improved.

A reduced ability to recognize a succession of letters simultaneously cannot only be attributed to a narrowing of the field of attention ([@ref029]; [@ref028]; [@ref003]). [Figure 1](#rnn-36-rnn180829-g001){ref-type="fig"} shows a gradient in the frequency of reading errors which increased from left to right. More mistakes were made when the letters were at the fixation point than when letters were to its left. The subjects could extent their field of attention sufficiently to the left and to the right of the fixation point within a long fixation time of more than 400 ms. The finding that numerous subjects could not simultaneously recognize more than 3 or 4 letters even within a fixation time of more than 400 ms indicates that they had a diminished ability to simultaneously recognize letters within a field of attention. This correlates with reports about brain-damaged patients who were able to detect an object or a spot of light in either visual field when it was presented alone. Only one object was detected when two objects were presented at the same time ([@ref004]; [@ref054]; [@ref021]; [@ref016]; [@ref017]; [@ref044]; [@ref055]). It has been shown that the simultaneous perception of several items is an independent (dissociated) visual performance that can be selectively impaired ([@ref054]; [@ref044]). Poor readers' reduced ability to visually process multiple letters simultaneously may also be an independent disturbance ([@ref080]).

5.3.. The role of saccades in reading therapy {#sec0075}
---------------------------------------------

Saccadic eye movements during reading must be adjusted to the ability to recognize a sequence of letters simultaneously. If a person has recognized all the letters of a word or a word segment, a saccade to the next word or word segment to be read must be executed. The brain must select the target of this saccade, program an eye movement to this gaze target, and perform the correct saccadic eye movement ([@ref053]; [@ref073]; [@ref049]; [@ref039]). The amplitude of this saccade depends on the number of letters a reader can recognize simultaneously. For example, if a reader can recognize five letters simultaneously, but carries out a saccade to a visual target which is ten letters to the right of the previously fixated letter, s/he can only read two letters to the left and two letters to the right of the letter that is the new visual target. However, s/he cannot recognize the five letters located between the letters to the right of the word or word segment previously recognized and the letters to the left of the letter which is fixated after the saccade has been completed. This reader can only recognize all letters of the sequence of words or word segments if s/he executes a saccade of five letters. Only then is there a gapless transition between the five letters of the word or word segment to be read after a saccade has been completed and the letters of the word or word segment previously read. In Experiment 2, the subjects learned to perform eye movements while reading which were not greater than the number of letters they could simultaneously recognize.

5.4.. Are reading mistakes due to unusual foveal or parafoveal processing ? {#sec0080}
---------------------------------------------------------------------------

Reading mistakes may be due to unusual foveal or parafoveal processing or the fact that the letters to be recognized are flanked by other letters ([@ref027], Atkinson 1997; [@ref042]). This phenomenon, known as "lateral masking" or "crowding effect", occurs outside the fovea and is particularly pronounced in the peripheral visual field. The result of experiment 1 showed that leaving out letters, replacing letters, or incorrectly adding letters occurred at all positions within the words. Reading mistakes occurred irrespective of whether a letter within a word was presented in the fovea or up to 3 letters (i. e. 6 degrees of visual angle) from the fovea. Therefore, reading mistakes are not due to poor processing of letters outside the fovea.

5.5.. Is the effect of training due to slow reading ? {#sec0085}
-----------------------------------------------------

One might assume that slow reading is already sufficient to significantly improve reading performance. However, reading slowly is not sufficient to reduce reading mistakes. If, for example, reading becomes slower because a patient prolongs fixation time, but tries to recognize too many letters simultaneously, reading mistakes will not necessarily decrease. Experiment 1 showed that longer fixation intervals do not always improve simultaneous recognition. Reading only improves (1) if the fixation time is adequate, (2) if the reader only tries to recognize a limited number of letters, (3) if his/her speech onset time is adequate, and (4) if the reader executes saccades with amplitudes which do not exceed the number of letters s/he is able to recognize simultaneously.

In all patients the same abilities were investigated but the therapies were not the same. As [Table 1](#rnn-36-rnn180829-t001){ref-type="table"} shows, some subjects needed longer, some shorter fixation times, some were able to process more letters simultaneously than others at a given fixation interval, some needed longer speech onset times than others. The therapy differed with regard to the number of letters the children were to process simultaneously (and consequently with regard to the amplitude of the saccades to be made), with regard to the fixation time, and the speech onset time.

5.6.. The role of syllable segmentation in reading therapy {#sec0090}
----------------------------------------------------------

The Hedges g-value of 1,734 revealed that the reading training performed in Experiment 2 was highly effective, as a value of 0.8 is already interpreted as a strong effect. There was, however, no effect in the control group. In a metastudy about the effectiveness of reading therapy in German children, none of the treatments reached an effectiveness of more than *g* = 0.7, even if the training lasted 20 weeks ([@ref031]). In a metastudy about reading therapy for poor reading English speaking children, [@ref026]) found that no therapy reached a similar effectiveness as the present study. The highest effect size (0.8) of a reading training with German children was reached in a recent study by [@ref051] who used a syllable segmentation approach. A similar syllable segmentation approach that [@ref005] used with adolescents was very effective, but cannot be compared to the results obtained with children. The advantage of syllable segmentation to improve reading performance has also been proposed by other authors ([@ref018]; [@ref005]; [@ref038]).

The results of [@ref051] and [@ref005] are in agreement with the results of experiments 1 and 2 of the present study. The segmentation of words is one of several features of the reading therapy proposed by [@ref080]. It has proven to be effective for the treatment of reading disorders ([@ref081]) and was used in experiment 2 of the present study. As the studies of [@ref051] and Bhattacharya and [@ref004] show, the segmentation of words may already be sufficient to improve reading skills to a certain extent, but this is not sufficient for adequate reading in all children. The size of the segments and the fixation time must be adapted to the individual reader's ability, and the amplitude of the saccades must be adapted to the size of the words or word segments that a reader can recognize simultaneously.

Segmentation on the level of syllables is also not appropriate as syllables often consist of more letters than poor readers can recognize simultaneously. Therefore, it must always first be investigated how many letters readers can recognize simultaneously. The segments in which the words to be read should be subdivided, must not contain more letters than the reader can recognize simultaneously. Experiment 1 and 2 also show that the fixation time and phoneme retrieval time are important aspects of the reading process, which should not be neglected in the treatment of reading problems.

5.7.. Is improvement in reading ability due to the mental representation of syllables? {#sec0095}
--------------------------------------------------------------------------------------

The results of experiments 1 and 2 show, that improvement in reading ability cannot be interpreted as a consequence of the mental representation of syllables and words that consist of these mentally represented syllables. The improvement in reading performance cannot be achieved by intensive training in syllable reading and the resulting better "mental representation" of these syllables ([@ref051]). Experiments 1 and 2 show that the "mental representation" of syllables does not play a decisive role in reading training. This is because no syllabic recognition was practiced during the reading training. Reading performance improved solely due to a reduction in segment size, an increase in fixation time, an extension of phonemic retrieval time, and an adaptation of the amplitudes of the saccades to the size of the segments. These were sufficient conditions to improve reading performance. This was regardless of whether the segment was a syllable.

5.8.. Is improvement in reading ability due to Phonological Awareness {#sec0100}
---------------------------------------------------------------------

The assumption of the proponents of "Phonological Awareness" that a training of awareness of the phonological structure of words improves reading performance was also not confirmed. Phonological awareness training includes the detection and distinction of speech sounds, syllable segmentation, syllable detection, and rhyme detection ([@ref010]; [@ref043]; [@ref078]; [@ref048]; [@ref024]).

The concept of „Phonological Awareness" has already been criticized on psycholinguistic grounds ([@ref074], [@ref075]), and the effect of the Phonological Awareness training on reading and spelling performance has been questioned ([@ref046]; [@ref040]). The results of experiments 1 and 2 do not indicate that Phonological Awareness training can help to improve reading performance. Only syllables and phonem segmentation, that is a feature of Phonological Awareness training, is suitable to improve the ability to split words into segments. When reading performance improved somewhat after Phonological Awareness training, this may have been because the training of syllable recognition caused a tendency to split the text into segments and to read in segments. However, the individual ability of simultaneous recognition, the saccade amplitudes (determined by the length of the segments), the individual fixation times, and the different retrieval times were not taken into account in Phonological Awareness training.

5.9.. Are traditional reading tests adequate? {#sec0105}
---------------------------------------------

The results of the experiments described above show that reading tests which investigate how many mistakes, and what kind of mistakes a reader makes and the time s/he needs to read a text are insufficient tools for the diagnosis of dyslexia. Such tests ignore whether the reader fixates the words or word segments to be read at an appropriate location, whether the reader's ability to process letters simultaneously is reduced, whether the amplitudes of the saccades correspond to the number of letters that can be recognized simultaneously, whether the reader needs a long fixation time to process a given number of letters, and how much time a reader needs from the beginning of the fixation until s/he is able to pronounce a word correctly.

5.10.. Is the definition of "dyslexia" adequate ? {#sec0110}
-------------------------------------------------

Reading disability is termed "dyslexia" if it is much (about two standard-deviations) below other cognitive abilities according to the intelligence quotient (IQ) ([@ref066]; [@ref045]; [@ref023]). A definition of "dyslexia" with regard to the intelligence quotient is, however, questionable. If a reader with a low IQ has poor reading abilities due to too short a fixation time, and/or if s/he tries to recognize more letters simultaneously than s/he is able to, and/or if his/her speech onset time is too short, and/or if the reader executes saccades with amplitudes which exceed the number of letters s/he is able to recognize simultaneously s/he suffers from the same kind of dyslexia as a reader with a high IQ with the same reading disability. Therefore, the diagnosis of "dyslexia" should be made irrespective of IQ.

5.11.. The neurobiological basis of dyslexia {#sec0115}
--------------------------------------------

The results of experiments 1 and 2 are in agreement with contemporary findings and theories about the neurobiological basis of dyslexia. Any neurobiological impairment that can reduce the ability to recognize a succession of letters simultaneously, to extend the field of attention sufficiently to cover all letters of a word or word-segment to be read, to keep the eyes directed to the center of a word or word-segment to be read until the word has been recognized, to execute saccades that match the number of letters that can be read simultaneously, to retrieve phonems that correspond the letters of a word within an adequate time interval, to pronounce the word or word-segment correctly, and to decode the meaning of words and sentences may cause a reading disability. This includes a magnocellular deficit ([@ref066], [@ref067], [@ref068]), a disruption of left hemisphere posterior brain systems in dyslexic readers, a dysfunction of the left occipitotemporal area ([@ref062], [@ref063]), abnormalities in the left temporo-parietal cortex, middle frontal gyrus, the left inferior frontal gyrus superior occipital gyrus, parieto-occipital regions, the left ventral occipitotemporal and middle temporal area including the supramarginal gyrus ([@ref011]; [@ref047]; [@ref014]; [@ref058]; [@ref041]; [@ref077]), in left frontoparietal ([@ref012]; [@ref056]), temporoparietal, and ventral occitititemporal fiber connections ([@ref076]), in the arcuate fasciculus, superior longitudinal fasciculus, inferior fronto-occipital fasciculus, optic radiation, and the corpus callosum ([@ref025]).
